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Airway epithelium is maintained by basal cells, but the mechanisms responsible for repair are poorly charac-
terized. In this issue of Cell Stem Cell, Rock et al. (2011) show that Notch signals regulate differentiation, but
not self-renewal of basal cells after injury, and that this role appears conserved in mouse and human lung.Cellular metabolism is entirely dependent
on the exchange of oxygen and carbon
dioxide between the environment and
the alveolar-capillary interface formed in
the periphery of the lung. The pulmonary
system upon which respiration depends
consists of a series of branched tubes,
formed by the trachea, bronchi, and bron-
chioles, that are the conduits providing
environmental gases to the alveolar
saccules where gas exchange occurs. In
the current issue of Cell Stem Cell, Rock
et al. (2011) carefully document the iden-
tity of the basal cells as critical airway
epithelial progenitor cells in human and
mouse lung and define the role of Notch
signaling in the cell fate decisions
required for regeneration of secretory
and ciliated epithelial cell types following
severe airway injury. Although the roles
of Notch signaling in proliferation and
differentiation of stem/progenitor cells
have been actively studied in diverse
tissues, including the developing lung
and intestine (Chiba, 2006; Tsao et al.,
2009; van der Flier and Clevers, 2009),
the present study represents a new
breakthrough in our understanding of the
role of basal cells in repair and differentia-
tion of conducting airway epithelial cells.
The airways are constantly exposed to
diverse toxicants, microbial pathogens,
and particles that are readily cleared
from the respiratory tract by amultilayered
host defense system that is highly depen-
dent upon the respiratory epithelium.
Respiratory epithelial cells in conducting
airways mediate mucociliary clearance,
form a barrier, and orchestrate both in-
nate and acquired immunity by the elabo-
ration of proteins and signaling molecules
tomaintain lung sterility and homeostasis.Pulmonary function is dependent upon
the slow renewal of the respiratory epithe-
lium that is required for ongoing mainte-
nance of normal lung structure and for
the rapid regenerative responses that
follow airway cell injury. Abnormalities in
the structure, differentiation, and repair
of conducting airway epithelial cells are
central to the pathogenesis of common
pulmonary disorders, including asthma,
chronic obstructive pulmonary disease
(COPD), idiopathic pulmonary fibrosis,
cystic fibrosis, and lung cancer. Identifi-
cation of the molecular and cellular
circuitry controlling proliferation, differen-
tiation, and function of the diverse respira-
tory epithelial cells lining conducting
airways holds promise for the develop-
ment of new strategies for treatment of
these common respiratory disorders, for
which there are few novel, effective
therapies.
Lineage tracing experiments in the
present and previous studies clearly
demonstrate that basal cells in cartilagi-
nous airways and secretory (Clara) cells
in smaller airways of the lung serve as
critical airway progenitors from which
ciliated, goblet, and serous/Clara cells
differentiate (Rawlins et al., 2009; Rock
et al., 2009, 2011). While pulmonary cells
are normally remarkably nonproliferative,
epithelial progenitor cells rapidly prolif-
erate following injury, self-renew, and
differentiate into ciliated or secretory cells
to repair the complex respiratory epithe-
lium characteristic of normal conducting
airways. Following extensive injury of the
lung by inhalation of sulfur dioxide, Rock
et al. (2011) show that basal cells, perhaps
protected beneath the surface of the
multilayered epithelium, rapidly prolif-Cell Stem Cerate, redifferentiate, and restore airway
cellularity. Hogan and colleagues find
that Notch signaling, presumably via the
expression of Notch ligands (e.g., JAG2/
Dll), is required for the differentiation of
secretory and goblet cells, but not for
the initial proliferative responses of basal
cells after injury (Figure 1) (Rock et al.,
2011). The authors rigorously demon-
strate that Notch signaling is required for
differentiation of secretory lineages (e.g.,
goblet and Clara cells) in vitro and
in vivo. After inhibition of the Notch
pathway, basal cells were unable to differ-
entiate. These findings strongly support
previous developmental studies in the
mouse, wherein Notch signaling induced
goblet/secretory cell fate and inhibited
ciliated cell differentiation in the fetal
lung (Guseh et al., 2009; Morimoto et al.,
2010). Inhibition of Notch in the devel-
oping lung caused by deletion of the
mouse Pofut1 gene or with Notch inhibitor
in vivo and in vitro resulted in an airway
entirely lined by ciliated cells (Tsao et al.,
2009).
The role of Notch signaling in cell prolif-
eration and cell differentiation is highly
dependent upon the organ, cell, and
developmental context. The signaling
and transcriptional pathways by which
Notch induces secretory cell differentia-
tion in the lung, as presently shown by
Rock et al., are distinct from those in the
developing and mature intestinal epithe-
lium wherein Notch signaling is required
for progenitor cell proliferation, establish-
ment of the ‘‘stem cell’’ niche, and forma-
tion of intestinal villi (van der Flier and
Clevers, 2009). In remarkable contrast to
findings in the lung, increased Notch
signaling induced differentiation ofell 8, June 3, 2011 ª2011 Elsevier Inc. 597
Figure 1. Notch Is Required for Differentiation of Basal Stem Cells during Repair of the
Conducting Airways
Diagram shows the structure of respiratory tree and cellular composition of conducting airway epithelium.
Cartilaginous airways (trachea, bronchi, and bronchioles in human lung) are lined by a pseudostratified
epithelium with basal cells located near the basement membrane. Notch signaling induces differentiation
of airway epithelial progenitors into secretory cells (Clara and goblet). In the absence of Notch signaling,
basal cells in cartilaginous airways do not differentiate. Inhibition of Notch signaling in smaller, noncarti-
laginous airways results in expansion of ciliated cells at the expense of secretory cells after injury caused
by exposure of the mice to sulfur dioxide gas.
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(enterocyte) cell lineage at the expense
of secretory and goblet cell differentiation,
thus emphasizing the organ specificity
and complexity in regulation of cell fate
decisions by the Notch pathway. The
multiplicity of Notch ligands, receptors,
intracellular adaptors, and transcription
factors mediating Notch signaling likely
serves to modulate the complex cell-cell
interactions that are required for morpho-
genesis and repair in diverse tissues.
Using Krt8 and p63 antibodies, Rock
et al. identified an early progenitor cell
(EPC) population, derived from basal
cells, that was committed to differentiate
into various airway epithelial cell types.
Identification of EPCs and demonstration
that the numbers of these cells increase
during airway repair represents a signifi-
cant contribution to the field. It will be of
considerable interest to assess whether
EPCs directly differentiate into secretory
and ciliated cell lineages, whether there598 Cell Stem Cell 8, June 3, 2011 ª2011 Elsare intermediate step(s) or states of differ-
entiation during lineage specification, or
whether distinct Notch signaling events
between adjacent progenitor or daughter
cells influence the repatterning of epithe-
lial cell types during repair. Since previous
studies demonstrated progenitor proper-
ties of Clara but not ciliated cells in the
conducting airway epithelium (Rawlins
et al., 2009), secretory cells may serve
as the intermediate step in differentiation
of EPCs into other epithelial lineages
that may also contribute to repair
processes.
The current study has important clinical
implications. Notch ligands, receptors,
and downstream effector genes are
altered in airway epithelial cells of smokers
and further modified in smokers with
severe COPD (Tilley et al., 2009). Patients
with COPD frequently develop squamous
and goblet cell metaplasia and lung
cancer. Goblet cell metaplasia and inflam-
mation were decreased by inhibition ofevier Inc.Notch signaling with a gamma secretase
inhibitor (DAPT) in an aeroallergen-
induced mouse model of asthma-like
disease (Kang et al., 2009). Thus, modula-
tion ofNotch signaling represents apoten-
tial therapeutic approach to inhibit goblet
cell differentiation and mucus hyperpro-
duction in the airways of patients with
chronic lung diseases. The present study
by Rock et al. emphasizes the importance
of Notch in the differentiation of basal cells
during repair of the conducting airways,
providing support for the concept that
pharmacological modulation of the Notch
signaling pathway represents a target for
future therapyof common, life-threatening
pulmonary diseases. Regulation of the
Notch pathway in airway basal cells
provides a basis for the development of
future cell-based therapies for repair of
congenital and acquired abnormalities
of the airways.REFERENCES
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